Abstract-Transmitting polarization multiplexed carrier makes the receiver of a coherent system local oscillator-less and frequency offset-free. A polarization multiplexed carrier based self-homodyne (PMC-SH) system with an adaptive polarization control (PC) can replace pulse amplitude modulation (PAM-4) data center interconnects. An adaptive PC technique is practically implemented by using an electrically controlled PC along-with control circuitry for PMC-SH systems. The de-multiplexing of the carrier and the modulated signal by using this technique is validated through simulations for a 50 Gbaud PMC-SH quadrature phase shift keying (QPSK) system with 20 km standard single mode fiber (SSMF). We successfully demonstrate 16 Gbaud PMC-SH systems with adaptive PC for 10 km SSMF channel. A bit error rate (BER) of 5.9 × 10 −5
is achieved with 32 Gb/s PMC-SH QPSK system without any signal processing while a BER of 8.7× 10 −3 is achieved with a 64 Gb/s PMC-SH quadrature amplitude modulation (16 QAM) system after equalization.
Index Terms-Data center interconnects, polarization multiplexed carrier, self-homodyne system, adaptive polarization control.
I. INTRODUCTION
T HERE is an urgent need to develop low power highspeed short-reach interconnects for datacenter applications. PAM-4 is presently being used to achieve 100 Gbps rates per wavelength for such requirements [1] . To improve data rates further, low power coherent techniques are being considered [2] , [3] . In general, power consumption requirements of receivers for coherent links make them prohibitive for short-reach applications. Among other things, typically a coherent link receiver requires a local-oscillator (LO) laser and significant additional signal processing overheads to correct for frequency offsets. In addition, both the transmit and the receive lasers need to be of high quality due to narrow linewidth requirements.
Polarization multiplexing of the carrier at the transmitter of a coherent link offers several advantages that lead to significant power savings, as (i) it obviates the need for an LO laser at the receiver; (ii) signal processing requirements are significantly reduced in the absence of frequency offsets between the modulated signal and the LO; and (iii) the system can tolerate broad-linewidth lasers as the relative phase offset between the signal and the modulated carrier is independent of the carrier phase noise in such a system [4] , [5] . In comparison of an intensity-modulation direct-detection (IMDD) system, such as a PAM-4 system, a polarization multiplexed carrier based coherent self-homodyne (PMC-SH) system, such as a Authors are with Department of Electrical Engineering, IIT Bombay, Powai, Mumbai 400076, India e-mail: (rashmikamran@ee.iitb.ac.in).
16-QAM system, offers double the data-rate available for the given baud-rate with similar SNR and bandwidth requirements for the electronics. In addition, due to coherent nature, dispersion effects can be treated as linear impairments that makes signal processing easier at high baud-rates (and dispersion effects can also be mitigated).
Although the SH systems can be implemented in many ways [6] , [7] , most implementations have some practical limitations. The PMC-SH systems appear to be most promising (for example, a 16-QAM 50 Gbaud system can be used for 200 Gbps data rates). However, such SH systems had also been considered as impractical until now because of the requirement of separation of the signal from the polarization multiplexed carrier for coherent demodulation. In this work, we present an adaptive polarization control technique for de-multiplexing of the carrier and the modulated signal at the receiver for reception of QPSK and 16-QAM signals. The proposed approach uses low-frequency electronics for polarization control. With this, for the first time we have demonstrated a practical PMC-SH system for high-capacity low-power datacenter interconnects.
II. POLARIZATION DIVERSITY BASED SELF-HOMODYNE SYSTEM WITH ADAPTIVE POLARIZATION CONTROL
In a polarization diversity based SH system, the carrier is polarization multiplexed along-with the modulated signal. As shown in Fig. 1 , the laser output is split into two orthogonal polarizations using a polarization beam splitter (PBS) at the transmitter. One of the outputs is (QPSK or 16 QAM) modulated using a Mach Zehnder IQ modulator. The modulated signal is significantly weaker than the unmodulated carrier from the other polarization (due of insertion loss of the modulator). The modulated (signal) and the unmodulated (carrier) components are combined using a polarization beam combiner (PBC) and sent to the optical channel. At the receiver end, after polarization control (PC), a PBS splits the received signal into two polarizations (ideally separates the carrier and the modulated signals perfectly). The optical hybrid and the balanced photodetectors mix the two outputs to receive the downconverted electrical signals. Received I and Q signals are processed for the compensation of channel and system impairments.
In a practical scenario, the received signal consists of a combination of the modulated signal and the carrier due to polarization mode dispersion and polarization rotation. effects. Real-time adaptive polarization control is required before the PBS to separate the two perfectly. Before the PBS, maximization of power in one polarization and/or minimization of power in the other polarization can result in the desired state of polarization (as the carrier power in one polarization is significantly higher than the modulated signal power in the orthogonal polarization). This approach works well specifically for short distance links, in which the effects of PMD (polarization mode dispersion) are insignificant.
An electrically controlled endless polarization controller (EPC) can be used with a control unit to achieve the desired state of polarization by maintaining minimum power in one polarization [8] . A fraction (approximately 10%) of the power in one of the polarizations from the PBS is coupled to a photodetector. The photodetector output is provided to the control unit. Gradient descent algorithm is used by the controller for minimizing the photodetector output by adjusting the control voltages going to the EPC.
III. RESULTS

A. Simulation results
This scheme was first validated through simulations performed in VPItransmissionMaker
T M (adaptive control implemented by using script editor feature) for 50 Gbaud PMC-SH QPSK system. Block diagram shown in Fig.1 was modeled with laser power of 10 mW and modulator insertion loss of 12 dB. Dispersion coefficient of 16 ps/km.nm, dispersion slope of 0.08×10 −3 s/m 3 and attenuation of 0.2 dB/km were considered for the fiber channel. Polarization mode dispersion and non-linearity were "ON" for simulations. Optical signal to noise power (OSNR) was at 25 dB which was obtained by adding an OSNR module in the channel. The shot noise and thermal noise were also "ON" for simulations. As illustrated by the simulation results in Figs. 2 and 3 , the carrier and the modulated signal are separated by minimizing the power in one of the polarizations. This adaptive controlling is successfully validated through simulations in the presence of significant dispersion and for high data rates (50 Gbaud SH-QPSK system).
B. Experimental results
Experiments have been performed for 10 Gbaud and 16 Gbaud PMC-SH systems with 10 km standard single mode fiber as the optical channel. The baud-rate and fiber length have been chosen keeping the bandwidth limitations and mismatches in the electrical components (particularly the RF cables) in mind. Experimental setup block level diagram is presented in Fig. 4 . An external cavity laser is used to generate the optical carrier, which is split into two orthogonal polarizations. Carrier in one of the polarizations is applied to a Thorlabs modulator (LN86S-FC) that adds 13 dB insertion loss. Data signals of amplitude 350 mV p-p (NRZ in case of QPSK, and PAM-4 in case of 16 QAM) are applied after pulse shaping to the modulator from a Keysight arbitrary waveform generator (AWG M8195A 65 GSa/s), which is followed by electrical amplifiers. The modulator output and the carrier are combined using a PBC and sent through a standard 10 km single mode fiber.
At the receiver end, an EPC (from OZ optics) is used before the PBS. One of the PBS outputs is directly applied to the LO (local oscillator) port of the Finisar coherent receiver frontend (CPRV1222A). From the other port, 90% of the power is applied to the signal port of the coherent receiver frontend and 10% power is applied to a low bandwidth photodetector. The photo-detector output is digitized using a data acquisition unit and fed to a controller. The controller changes voltages applied to the EPC according to the gradient descent Fig. 7 shows constellation diagrams for 40 Gbps and 64 Gbps PMC-SH 16 QAM systems. Results have been shown without and with offline signal processing. It is evident that no carrier frequency offsets are present (because of which the constellation is stationary even without any signal processing, which mainly involves equalization). Adaptive PC achieves similar or better performance than that achieved using manual control and maintains a constant power difference of approximately 13 dB between the two PBS outputs, when the state of polarization is changing randomly at the PBS input. The Receiver front end with monitoring photo detectors are available that can simplify the system further as the monitoring photo detector output can be directly used for feedback.
IV. CONCLUSION In summary, in this work we have presented an adaptive polarization control technique and demonstrated QPSK and 16 QAM SH systems based on it. This approach makes the SH systems practical and attractive to use for future highspeed data center interconnects. 
